Abstract. DNA double-strand break (DSB) is one of the most serious forms of damage induced by ionizing irradiation. Non-homologous end-joining (NHEJ) is a key mechanism of DNA DSB repair. The immunohistochemical analysis of proteins involved in NHEJ may have potential as a predictive assay for tumor radiosensitivity. We examined the correlation between the expression of proteins involved in DNA DSB in biopsy specimens and the results of chemoradiotherapy in hypopharyngeal cancers. Fifty-seven patients with previously untreated squamous cell carcinoma of the hypopharynx were treated between March 2002 and December 2009. Most patients (75%) had stage III or IV disease. The chemotherapy consisted of cisplatin plus 5FU or S-1. A tumor dose of 50 Gy was usually administered to the primary tumor and regional lymph nodes. Doses of 10-20 Gy were usually added to the primary tumor with reduced fields after 50 Gy. The 5-year disease-free survival rate was 100% for patients in stage I, 90% in stage II, 64% in stage III and 50% in stage IV. In stages I-III, patients with a lower expression of Ku70 or XRCC4 tended to have better locoregional control. These results indicated that a lower expression of Ku70 or XRCC4 may be correlated with higher radiosensitivity. Two patients had distant metastasis alone, of which one had 0% expression of Ku70 and the other had 0% expression of Ku86. The absence of Ku70 or Ku86 expression indicates low DNA-PK activity. Low DNA-PK activity due to a low expression of Ku may result in the genetic alteration of cancer cells, leading to a higher tendency of distant metastasis. This finding suggests that proteins involved in NHEJ may have an impact on the treatment results of chemoradiotherapy in hypopharyngeal cancer.
Introduction
Hypopharyngeal carcinoma is a difficult carcinoma to treat due to the fact that it is often diagnosed at a late stage and that it has an aggressive natural history. The standard operation is a total pharyngolaryngectomy. This procedure can have a negative impact on the well-being of patients as it involves tracheotomy and loss of natural voice, which may lead to social isolation, loss of employment and depression. Chemoradiotherapy (radiotherapy plus concurrent chemotherapy) has become the standard of care for patients with unresectable squamous cell carcinoma of the head and neck (1) and for organ preservation (2, 3) .
The repair of various types of DNA damage is critical for cell survival. Of these, DNA double-strand break (DSB) is understood to be one of the most serious forms of damage induced by DNA-damaging agents such as ionizing irradiation (4) . Non-homologous end-joining (NHEJ) is a key mechanism of DNA DSB repair (5) . In the NHEJ pathway, DSBs are rejoined at an appropriate chromosomal end, either directly or following DNA end processing, and DNA-dependent protein kinase (DNA-PK) is important in DNA DSB repair by NHEJ throughout the cell cycle (6) . DNA-PK is a serine/threonine kinase, which is composed of the DNA-PK catalytic subunit (DNA-PKcs) and the heterodimer of Ku70 and Ku86. DNA-PK binds DSBs in DNA, and phosphorylates and activates DNA-binding protein, including XRCC4 and DNA ligase IV, p53 and several transcription factors. Subsequently, ligase IV repairs DNA DSB (7). Therefore, DNA-dependent protein kinase (DNA-PK) is important in DNA DSB repair. The immunohistochemical analysis of proteins involved in DNA DSB repair such as Ku70, Ku86 and XRCC4 may have potential as a predictive assay for tumor radiosensitivity (8, 9) .
In this study, we investigated the correlation between the expression of proteins involved in DNA DSB and the results of chemoradiotherapy for hypopharyngeal cancers in patients admitted to the Sapporo Medical University. We also examined Patients with distant metastasis at the first admission were excluded from this study.
This study was approved by the ethics committee of Sapporo University. Patient consent was obtained either from the patient or the patient's family.
Treatments. In 51 of the 57 patients, chemotherapy was admini stered concurrently with radiotherapy. Six patients were treated with radiotherapy alone. The chemotherapy consisted of FP (cisplatin plus 5FU) or S-1. FP was used in 39 patients and S-1 in 12 patients. FP consisted of cisplatin 40-60 mg/m 2 intravenously and 5FU 400-700 mg/body/day for 4 days by continuous venous infusion. S-1 (50-80 mg/body) was orally administered during periods of radiotherapy.
Radiation was administered using a 4 MV photon linear accelerator. The primary tumor, jugular and retropharyngeal nodes were treated with lateral parallel-opposed photon fields. An appositional anterior field was used to irradiate the supraclavicular and paratracheal nodes. A tumor dose of 50 Gy (25 fractions/5 weeks) was administered to the primary tumor and regional lymph nodes. Doses of 10-20 Gy were usually added to the primary tumor with reduced fields after 50 Gy.
Immunohistochemical staining of various proteins in hypopharyngeal cancer tissues. Formalin-fixed, paraffin-embedded specimens from biopsy were used. Immunohistochemical staining was carried out using methods described in a previous study (10) . Anti-Ku70, Ku86 or XRCC4 rabbit polyclonal antisera, which have been described previously (10,11), were used. Ki-67 staining was performed with MIB-1 monoclonal rabbit antibody (Dako, Copenhagen, Denmark) using methods described previously (12) . The number of cells that stained positive for Ku70, Ku86, XRCC4 and Ki-67 were determined by scoring 3 microscopic fields of 300 tumor cells each, without prior knowledge of radiosensitivity or treatment outcome, and determining the percentages of cells that were positive for the expression of Ku70, Ku86, XRCC4 and Ki-67.
Statistical analysis. The median follow-up time to the last contact or mortality was 30 months, with a range of 0 to 93 months. The cut-off for analysis was November 2011. Patients alive at the cut-off date had a median follow-up time of 45 months. Overall and disease-free survival were calculated by the Kaplan-Meier method. Differences were analyzed by the log-rank test. A significance level of 0.05 was used throughout. Locoregional recurrence refers to recurrence in the hypopharynx and/or regional lymph nodes.
Results
Overall and disease-free survival rates. The overall 5-year survival rate in patients treated with chemoradiotherapy was 100% in stage I, 83% in stage II, 30% in stage III and 50% in stage IV (Fig. 1A) . The difference in the overall 5-year survival between stages I-II and stages III-IV was significant (P=0.02). The 5-year disease-free survival rate in patients treated with chemoradiotherapy was 100% in stage I, 90% in stage II, 64% in stage III, and 50% in stage IV (Fig. 1B) . The difference in disease-free survival between stages I-II and stages III-IV was significant (P=0.02). Table I shows the treatment results according to stage. Only 3 of 22 patients experienced locoregional recurrence and/or distant metastasis in stages I-III compared to 17 of 35 patients in stage IV. Most patients with distant metastasis also experienced locoregional recurrence, although two patients had distant metastasis alone.
Treatment results according to stage.
Immunohistochemical staining. The staining of Ku70, Ku86, XRCC4 and Ki-67 was nuclear with none of the normal epithelial cells or malignant cells exhibiting cytoplasmic or membrane immunoreactivity. The staining was diffuse throughout the cell nucleus (Fig. 2) .
Analysis of results of immunohistology and survival.
The percentage of cells that expressed Ku70, Ku86, XRCC4 and Ki-67 in different tumors was analyzed (Table II) . 
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We examined whether there was a correlation between the expression levels of proteins involved in NHEJ. A significant correlation was found between the percentage of cells expressing Ku70 and Ku86 (r=0.44; P=0.009; Fig. 3A ), Ku70 and XRCC4 (r=0.39; P=0.004; Fig. 3B ), and Ku86 and XRCC4 (r=0.54; P<0.0001; Fig. 3C ).
The mean percentage of cells expressing Ku70 in the local control group was 49% and that in the local failure group was 57%. The mean percentage of cells expressing Ku86 in the local control group was 39% and that in the local failure group was 34%. The mean percentage of cells expressing XRCC4 in the local control group was 76% and that in the local failure group was 79%. The mean percentage of cells expressing Ki-67 in the local control group was 35% and that in the local failure group was 41%.
An analysis of the correlation between the expression of these proteins and locoregional control was performed according to stage. In stages I-III, patients with a lower expression of Ku70 (<35%) tended to have better locoregional control (Table III) . In stages I-III, patients with a lower expression of XRCC4 (<78%) tended to have better locoregional control (Table IV) . However, this tendency in Ku70 and XRCC4 was not significant due to the small numbers. There was no such tendency in patients with stage IV (Tables III and IV) .
We also analyzed the correlation between the expression of Ku70, Ku86, XRCC4 and Ki-67 and distant metastasis. Nine patients experienced distant metastasis. In seven patients the distant metastasis was accompanied by locoregional recurrence but two patients had distant metastasis alone (Table I) . In patients with both distant metastasis and locoregional recurrence, there was no apparent correlation between the expression of these proteins and distant metastasis. By contrast, in two patients with distant metastasis alone, one patient had 0% expression of Ku70 and the other had 0% expression of Ku86 (Fig. 3A) . There were four patients with 0% expression of Ku70 or Ku86. None of the four patients experienced locoregional recurrence. Two patients developed distant metastasis.
Discussion
The estimates of overall and disease-free survival at 3 years in all patients were 78 and 63%, respectively (Fig. 1A and B) . These treatment results were comparable with other studies using chemoradiotherapy (13, 14) .
We examined whether there was a correlation between the expressions of proteins involved in NHEJ. A significant correlation was found between the percentage of cells expressing Ku70 and Ku86 (Fig. 3A) , Ku70 and XRCC4 (Fig. 3B) , and Ku86 and XRCC4 (Fig. 3C) . The results of Ku70 and Ku86 were in agreement with our previous results, demonstrating that the expression of Ku70 and Ku86 paralleled each other in breast cancer tissues (15) . These results indicated that there was a concerted expression of Ku70 and Ku86 in breast cancer tissues. Hosoi et al reported that Ku70 and Ku86 have consensus Sp1 recognition elements in their promoter region and that Sp1 may influence the concerted expression of Ku70 and Ku86 (16) . To the best of our knowledge, the correlation of the expression of XRCC4 with that of Ku70 or Ku86 is a new finding. However, the mechanism of the concerted expression of these proteins remains to be determined.
Patients with a lower expression of Ku70 or XRCC4 tended to have better locoregional control in stages I-III (Table III) . Komuro et al reported results of 96 patients with advanced rectal carcinoma treated with preoperative radiotherapy (8) . The lower expression of Ku70 or Ku86 in preradiation biopsy specimens of tumor samples was correlated with better objec- tive responses, suggesting that low expression of Ku70 or Ku86 may be correlated with high radiosensitivity.
There was no such correlation between the expression of Ku70 or XRCC4 and locoregional control in patients with stage IV (Tables II and III) . Patients with stage IV had a large primary tumor and/or large lymph node metastases. In such a situation, the large number of tumor cells and hypoxic tumor cells may affect radiocurability and obscure the effect of Ku70 or XRCC4 expression.
Ki-67 is a nuclear protein that is expressed in cycling cells. For patients treated with radiotherapy, the tumors with a high Ki-67 labeling index demonstrated good local control in squamous cell carcinomas of the head and neck (17) , esophageal cancer (18) and uterine cervical cancer (19) . However, no such correlation was found between the Ki-67 labeling index and locoregional control of hypopharyngeal cancer treated with chemoradiotherapy in our results. This observation indicated that chemoradiotherapy may be effective for tumors that included non-cycling cells.
There were two patients with distant metastasis alone, one of whom had 0% expression of Ku70 and the other a 0% expression of Ku86. There were four patients with 0% expression of Ku70 or Ku86 ( Fig. 2A) . None of the four patients experienced locoregional recurrence but two developed distant metastasis alone. These results may be associated with our previous results which demonstrated that breast cancer cells with a lower expression of Ku70 or Ku86 had aggressive cancer phenotypes such as a higher nuclear grade and positive axillary lymph node metastasis (15) . Genes involved in DNA DSB repair are involved in the maintenance of genomic stability (20) . We previously demonstrated that DNA-PK activity is associated with chromosomal instability (21) . An absence of Ku70 or Ku86 expression indicates low DNA-PK activity. Such low DNA-PK activity resulted in the genetic alteration of cancer cells, leading to higher tendency of distant metastasis.
In conclusion, patients with a lower expression of Ku70 or XRCC4 tended to have better locoregional control in stages I-III, but there was no such tendency in patients with stage IV. In two patients with distant metastasis alone, one patient had 0% expression of Ku70 and the other had 0% expression of Ku86. This finding suggests that proteins involved in NHEJ may have an impact on the treatment results of chemoradiotherapy in hypopharyngeal cancer.
